Differential Contribution of Pacemaker Properties to the Generation of Respiratory Rhythms during Normoxia and Hypoxia  by Peña, Fernando et al.
Neuron, Vol. 43, 105–117, July 8, 2004, Copyright 2004 by Cell Press
Differential Contribution of Pacemaker Properties
to the Generation of Respiratory Rhythms
during Normoxia and Hypoxia
Staley et al., 2001) makes it exceedingly difficult to deter-
mine how pacemaker properties affect a network output.
Thus, in many mammalian neuronal systems it remains
controversial whether these properties are indeed es-
sential for generating a given activity pattern (e.g., Shu
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within the ventral respiratory group (VRG; Del Negro etMe´xico
al., 2002a, 2002b; Koshiya and Smith, 1999; Pen˜a and
Ramirez, 2002; Thoby-Brisson and Ramirez, 2001; Tryba
et al., 2003). A recent study demonstrated that blockadeSummary
of the persistent sodium current with riluzole abolishes
pacemaker properties yet fails to abolish the generationPacemaker neurons have been described in most neu-
of a rhythmic output (Del Negro et al., 2002b). This ledral networks. However, whether such neurons are es-
to the hypothesis that respiratory rhythm generationsential for generating an activity pattern in a given
emerges from network-based mechanisms rather thanpreparation remains mostly unknown. Here, we show
pacemaker properties in neonatal rodents (age, P0–P5;that in the mammalian respiratory network two types
Del Negro et al., 2002b). This conclusion was based onof pacemaker neurons exist. Differential blockade of
two assumptions: (1) all voltage-dependent pacemakerthese neurons indicates that their relative contribution
activity in this network relies on the activation of a persis-to respiratory rhythm generation changes during the
tent sodium current, and (2) riluzole blocks the persistenttransition from normoxia to hypoxia. During hypoxia,
sodium current and therefore bursting activity in all re-blockade of neurons with sodium-dependent bursting
spiratory pacemakers. Here, we reexamined this impor-properties abolishes respiratory rhythm generation,
tant observation and found an age-dependent change inwhile in normoxia respiratory rhythm generation only
the composition of pacemaker neurons in the respiratoryceases upon pharmacological blockade of neurons
network. We confirm that the vast majority of pacemakerwith heterogeneous bursting properties. We propose
neurons are dependent on sodium currents in the neona-that respiratory rhythm generation in normoxia de-
tal age range examined by Del Negro et al. (2002b) (P0–pends on a heterogeneous population of pacemaker
P5), thus explaining their failure to detect pacemakerneurons, while during hypoxia the respiratory rhythm
neurons that did not depend on sodium mechanisms.is driven by only one type of pacemaker.
However, in animals older than P5, a significant propor-
tion of the respiratory neurons possess pacemaker
Introduction
properties that depend on calcium mechanisms, making
the population of respiratory pacemaker neurons clearly
As early as 1938, Bremer postulated that neurons with heterogeneous.
intrinsic pacemaker properties contribute to the genera- In this study, we demonstrate that it is possible to
tion of rhythmic neuronal activity in general and the selectively manipulate the different types of pacemaker
generation of cortical EEG activity in particular. Initially neurons in order to establish their contribution to respi-
described only in small invertebrate neuronal networks ratory rhythm generation. This has enabled us to ad-
(Carpenter, 1967; Connor, 1969; Watanabe et al., 1967), dress yet another important issue in neuroscience: the
pacemaker neurons were subsequently discovered also ability of neuronal networks to flexibly generate different
in the majority of mammalian neuronal networks (Houns- types of activity patterns in a state-dependent manner.
gaard, 1979; Jennings et al., 1978; Llinas and Sugimori, Perhaps the best-known example is the generation of
1980; Schwindt and Crill, 1982; Traub and Llinas, 1979; cortical rhythms reflecting different wake and sleep
Kiehn et al., 1996; Tresch and Kiehn, 2000) and have states. However, how neuronal networks assume differ-
been postulated to be involved in the generation of many ent configurations and generate multiple rhythms has
brain functions, including activities that are not com- been understood only in small invertebrate neuronal net-
monly thought to be rhythmic, such as, for example, works (Ramirez, 1998; Weimann and Marder, 1994) but
cognition (Arshavsky, 2003). While selective lesioning not in the mammalian nervous system. The mammalian
of identified pacemaker neurons in invertebrates has respiratory network is a unique model system which
clearly established the necessity of these neurons for allows us to address this issue in a mechanistic manner.
generating rhythmic activity (e.g., Marder, 1984; Miller Evidence from our laboratory indicates that the PBC
and Selverston, 1982), the complexity of the majority of isolated in a transverse slice preparation from mice is
mammalian neural networks (e.g., Lytton et al., 1996; capable of generating different activity states that pre-
sumably reflect eupneic, sigh, and gasping activities
(Lieske et al., 2000). Understanding the cellular mecha-*Correspondence: jfpena@mail.cinvestav.mx
nisms that are associated with these different states3 Present address: Max Planck Institute of Neurobiology, Am Klop-
ferspitz 18, 82152 Martinsried, Germany. may provide important clues as to why some children
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Figure 1. Presence and Isolation of Respira-
tory Pacemaker Neurons in the Medullary
Slice
(A) Schematic showing anatomical landmarks
of a slice of neonatal mouse medulla and re-
cording sites for both population activity (in-
tegrated ventral respiratory group [VRG])
and whole-cell patch-clamp recordings (VM).
Note that pacemaker neurons can produce
ectopic bursts during the application of a de-
polarizing current (IM). (B) Simultaneous re-
cordings of VRG and two inspiratory neu-
rons before (left) and after blockade of fast
synaptic transmission (“Cocktail”; right). The
pacemaker (Cell 1) bursts even when fast syn-
aptic transmission is blocked. The nonpace-
maker (Cell 2) falls silent. (C) A nonpacemaker
neuron, silent in cocktail, produces bursts
when extracellular calcium is removed. Ex-
amples in this figure were taken from a P8
(A), P9 (B), and P7 (C) mouse. IO, inferior olive;
NA, nucleus ambiguus; PBC, pre-Bo¨tzinger
Complex; VRG, integrated recording of pop-
ulation activity in the VRG; VM, membrane po-
tential recording; IM, membrane current; SP5,
spinally projecting trigeminal nucleus; X, dor-
sal motor nucleus of the vagus; XII, hypoglos-
sal nucleus. Voltage and time calibration bars
apply to all recordings.
who breathe normally under normoxia fail to gasp in will refer to this combination of antagonists as the “cock-
tail” for the sake of brevity. In the presence of this cock-hypoxia, potentially leading to sudden infant death syn-
drome (SIDS) (Poets et al., 1999). tail, nonpacemaker neurons either cease to discharge
rhythmically (Figure 1B, lower trace) or fire tonically (data
not shown).Results
The use of a cocktail of receptor antagonists to synap-
tically isolate pacemaker neurons has an advantageSynaptic Isolation and Identification of VRG
over abolishing chemical synaptic transmission by re-Respiratory Pacemaker Neurons
ducing extracellular calcium. It avoids the effect thatRhythmically active population activity was recorded
changing extracellular calcium concentration has onextracellularly from the surface of brainstem slices in
neuronal firing properties (Shuai et al., 2003; Su et al.,the region of the VRG. These fictive inspiratory bursts
2001). Indeed, 42% of inspiratory nonpacemaker neu-were used to identify individual inspiratory neurons that
rons (n  24) began bursting rhythmically upon reduc-were then recorded intracellularly, preferentially in the
tion of extracellular calcium (Figure 1C). Furthermore, aPBC, with the whole-cell patch-clamp technique (Figure
reduction in extracellular calcium may also confound the1A). Pacemaker neurons characteristically generate ec-
identification of pacemakers whose bursting propertiestopic bursts in response to application of a depolarizing
rely on calcium-dependent mechanisms, as describedcurrent (Thoby-Brisson and Ramirez, 2001). We used
below.the presence of such ectopic bursting as one criterion
to recognize possible pacemaker neurons in the rhyth-
mically active network (Figure 1A). To more conclusively Heterogeneity of Pacemaker Neurons in the VRG
In the presence of the cocktail, pacemaker neurons canidentify pacemakers, we applied antagonists to block
fast synaptic transmission, since the defining property of be classified into two types: Cd-sensitive and Cd-insen-
sitive pacemakers, depending on whether or not 200 Mpacemaker neurons is their ability to generate voltage-
dependent spontaneous bursts of action potentials in Cd2 blocks their bursting (Figure 2A). Both types have
voltage-dependent burst behavior, as confirmed by ap-the absence of synaptic inputs (e.g., Figure 2B). In Figure
1B, simultaneous intracellular recordings from two inspi- plication of depolarizing and/or hyperpolarizing current
(Figure 2B). Our recording sample suggested a signifi-ratory neurons illustrate the difference between pace-
maker and nonpacemaker neurons. Pacemakers (such cant age-dependent change in the prevalence of the
two types of pacemaker properties (2 test; p  0.002;as Cell 1 in Figure 1B) continue to burst rhythmically
when fast synaptic transmission is blocked by adding Figure 2C). Recordings from Cd-sensitive pacemaker
neurons suggest a significant developmentally depen-to the bath antagonists for NMDA receptors (10 M
CPP), non-NMDA receptors (20 M CNQX), glycine re- dent distribution (p  0.008). Of the 172 intracellularly
recorded inspiratory neurons, only 5 neurons (2.9%) hadceptors (1 M strychnine), and GABAA receptors (20 M
bicuculline-free base). In the remainder of the text, we Cd-sensitive pacemaker properties in the age range P1–
Pacemaker Neurons Involved in Respiratory Rhythms
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Figure 2. Developmental Heterogeneity of Pacemaker Neurons in the VRG
(A) Recordings of two inspiratory pacemaker neurons (upper traces) that continue bursting in the presence of the cocktail (middle traces).
Application of 200 M cadmium (Cd2) reveals two groups of neurons: Cd-sensitive (right; taken from a P4 mouse) and Cd-insensitive (left;
taken from a P8 mouse) pacemakers. (B) Both types of pacemakers have voltage-dependent sensitivity, which is revealed in these two
examples by applying a step of hyperpolarizing current to a Cd-sensitive pacemaker (upper traces; taken from a P8 mouse) or by applying
descending and ascending current to a Cd-insensitive pacemaker neuron (lower traces; taken from a P11 mouse). (C) Occurrence of both
types of pacemakers at three different groups of ages (P1–P5, P6–P10, and P11–P15). There is a significant age-dependent change in the
occurrence of the two types of pacemaker properties (2 test; p  0.002). Voltage calibration bar applies to all recordings.
P5. This is in contrast to the age range P6–P10, where (2) at every examined age, it is more likely to record
from a Cd-insensitive pacemaker neuron; and (3) it iswe found 9.5% Cd-sensitive pacemakers (n  388). At
the age range P11–P15, 8.5% of the recorded neurons less likely to record from Cd-sensitive pacemaker neu-
rons in neonatal mice (P1–P5) compared to more ma-(n  82) had Cd-sensitive pacemaker properties. A de-
velopmental change was also observed in the re- ture mice.
cordings from Cd-insensitive pacemakers (2  0.017).
For the age ranges P1–P5, P6–P10, and P11–P15, we Differential Blockade of Respiratory
Pacemaker Neuronsfound 20%, 16%, and 29% Cd-insensitive pacemaker
neurons, respectively. It must be emphasized that the We next tested whether bursting by Cd-insensitive and
-sensitive pacemaker neurons could be blocked byabove statistics are based on our recording sample,
which does not reflect the actual distribution of the dif- more specific ion channel blockers. Riluzole (20 M) has
been shown to block the persistent sodium current inferent types of respiratory neurons. For the present
study, we recorded preferentially from pacemaker neu- respiratory neurons (Del Negro et al., 2002b). At this
concentration, riluzole did not block pacemaker activityrons that we often preliminarily recognized in the cell-
attached mode. Thus, our recording sample is not repre- in any of the examined Cd-sensitive pacemaker neurons
(Figure 3A; n 8). In contrast, riluzole abolished burstingsentative of the prevalence of pacemaker neurons within
the respiratory network. While we recorded preferen- behavior in the majority of Cd-insensitive pacemaker
neurons (71%; n  31; Figure 3B, upper traces). How-tially from pacemaker neurons, we randomly sampled
these neurons throughout the slice using the blind patch ever, the mean membrane potential measured as base-
line potential of these neurons was not significantly al-technique. Recordings for the present study were ob-
tained in depths ranging from 50–300 m. Although our tered by riluzole (103.4%  3.6% of control; n  22). In
the presence of riluzole, nine Cd-insensitive pacemakerrecording efforts were targeted toward pacemaker neu-
rons, the likelihood of obtaining a pacemaker neuron neurons became silent (41%), and thirteen became tonic
(59%). Intracellular depolarizing and hyperpolarizingrecording from a given slice was rather slim (less than
10%). Because of the low probability of recording from current injections into these pacemaker neurons re-
vealed the absence of voltage-dependent burstinga pacemaker neuron, it is impossible to assess whether
the age distribution shown in Figure 2 holds true for properties under these pharmacological conditions. An
example of the absence of voltage-dependent burstingany given preparation. However, our recording sample
allows us to conclude that (1) both types of pacemaker in the presence of riluzole is shown in Figure 3C. This
confirms findings as previously published by Del Negroneurons exist at every examined developmental range;
Neuron
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Figure 3. Heterogeneous Effect of Riluzole
on Respiratory Pacemakers
(A) A Cd-sensitive pacemaker continues
bursting in riluzole (20 M) but ceases in 200
M Cd2 (taken from a P10). (B) Cd-insensi-
tive pacemakers can be riluzole sensitive or
insensitive. (Top) This pacemaker continues
to burst in Cd2 but in riluzole fires tonically
(taken from a P9). (Bottom) Another pace-
maker continues to generate bursts in Cd2
and riluzole (taken from a P6). (C) No burst
activity is produced in a riluzole-sensitive
pacemaker neuron in the presence of riluzole
even if a step of positive current is applied
(taken from a P6). Voltage calibration bar ap-
plies to all recordings.
et al. (2002b). In 29% of Cd-insensitive pacemaker neu- dependent mechanisms. If voltage-dependent calcium
currents were directly responsible for the generationrons, however, bursting persisted in both 20–50 M rilu-
zole and 200M Cd2 (Figure 3B, lower traces). Riluzole- of pacemaker activity, one would expect that rhythmic
oscillations would persist in the presence of TTX as, forsensitive and riluzole-insensitive pacemaker neurons
coexisted in the same slice preparation (Figure 4A), as example, shown in subthalamic neurons (Beurrier et al.,
1999). This, however, is not the case; bursting actuallyillustrated by simultaneous intracellular recordings from
two pacemakers at similar depths within the slice. To ceases in Cd-sensitive pacemaker neurons in the pres-
ence of TTX (Thoby-Brisson and Ramirez, 2001). Theconfirm that under our experimental conditions riluzole
blocks the persistent sodium current, we obtained volt- cadmium and TTX sensitivity, as well as the riluzole
insensitivity shown in the present study, is best ex-age-clamp recordings from four respiratory neurons and
found that in each case riluzole blocked the persistent plained by a burst mechanism that involves an inward
current that is activated by action potential-evoked cal-sodium current at the same concentration that blocked
bursting in the majority of cadmium-insensitive pace- cium influx. A well-known calcium-activated inward cur-
rent that has been associated with a variety of neuronalmaker neurons (Figure 4B).
Quantification of the effects of riluzole on bursting processes, including bursting pacemakers, is the cal-
cium-activated nonspecific cationic current (ICAN)characteristics of pacemaker neurons is represented as
box-whisker graphs in Figures 4C–4E. Whereas for Cd- (Kramer and Zucker, 1985; Swandulla and Lux, 1985;
Partridge et al., 1994; Ghamari-Langroudi and Bourque,sensitive pacemaker neurons, burst duration, burst fre-
quency, and action potential frequency during each 2002). This CAN current has been described in various
brain areas, including an area that is directly adjacent toburst were not significantly affected by riluzole, for most
Cd-insensitive pacemaker neurons, burst duration and the PBC—the nucleus ambiguus (Rekling and Feldman,
1997). Here, we demonstrate that a specific blocker forfrequency go to zero during application of riluzole. In
general, riluzole did not block the ability to generate ICAN, flufenamic acid (FFA; 500 M; Di Prisco et al.,
2000; Morisset and Nagy, 1999; Partridge and Valen-action potentials (APs) (Figure 4E); however, the average
instantaneous AP firing frequency in riluzole-sensitive zuela, 2000; Ghamari-Langroudi and Bourque, 2002),
abolished bursting behavior in the majority of Cd-sensi-pacemaker neurons decreased in riluzole, as their firing
mode changed from bursting to tonic or even silent (see tive pacemaker neurons (82%; n 11; Figure 5A, upper
traces). For these synaptically isolated neurons, in thealso Figure 3B, upper traces).
The Cd2 sensitivity of one population of pacemaker presence of FFA, the frequency and duration of pace-
maker bursts went to zero, and the frequency of actionneurons implicates bursting properties that depend on
calcium currents. This cadmium sensitivity could be due potential discharge was 21.8% of control, as their firing
mode changed from bursting to tonic or even silent.either to the direct activation of voltage-dependent cal-
cium currents or to the indirect activation of calcium- After washout of FFA, Cd-sensitive pacemaker neurons
Pacemaker Neurons Involved in Respiratory Rhythms
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Figure 4. Pacemakers with Different Proper-
ties Coexist in the Same Preparation
(A) Simultaneous recordings of two Cd-insen-
sitive pacemakers (taken from a P7). Both
neurons generate rhythmic bursts in cocktail
and in 200 M Cd2. In 20 M riluzole, Cell 1
becomes tonically active, while Cell 2 contin-
ues to generate bursts. Bottom trace shows
integrated PBC population activity.
(B) After blockade of calcium channels (200
M Cd2), respiratory neurons exhibit a per-
sistent sodium current in response to a volt-
age ramp, which is blocked after the applica-
tion of 20 M riluzole (taken from a P4).
(C–E) Plots of firing properties of all pacemak-
ers, in cocktail (CO) and riluzole (RLZ) (includ-
ing data from P2–P14 mice). Riluzole has no
effect on burst frequency, burst duration, or
mean AP frequency of Cd-sensitive pace-
makers or on a subset (n  9) of Cd-insensi-
tive pacemakers but blocks bursting in the
majority (n  22) of Cd2-insensitive pace-
makers. The asterisk denotes a statistically
significant difference (p  0.05) compared
with cocktail. Box-whisker graphs represent
the population distribution, including median,
lower, and upper quartiles and the smallest
and greatest values.
resumed bursting activity, which was then blocked by Morisset and Nagy, 1999; Partridge and Valenzuela,
2000; Ghamari-Langroudi and Bourque, 2002). Since200 M Cd2 (Figure 5A, upper traces). However, in two
Cd-sensitive pacemaker neurons, bursting was clearly bursting was abolished rather than induced by cad-
mium, it is highly unlikely that a washout of calcium-disturbed but persisted in FFA. Pacemaker activity in
these two neurons was abolished by Cd2 (Figure 5A, dependent mechanisms through dialysis is responsible
for their bursting. Thus, these Cd-sensitive pacemakerlower traces). As quantified in Figures 5C–5E for all Cd-
sensitive pacemaker neurons, 500 M FFA significantly neurons’ behavior was the opposite of that of the non-
pacemaker neurons, in which bursting was induced byreduced burst duration and frequency but did not block
the ability to generate action potentials (Figure 5E). FFA reducing extracellular calcium (see Figure 1C). However,
in order to confirm that the described pacemaker prop-(500 M) did not eliminate pacemaker activity in any of
the examined Cd-insensitive pacemaker neurons (Fig- erties would occur also under conditions when the cell
content was completely undisturbed, we performed ad-ure 5B; n  13). All examined parameters were unaf-
fected by FFA in Cd-insensitive pacemaker neurons ditional extracellular recordings. The same neuronal cell
types were observed extracellularly as described above(Figures 5B–5E).
The use of the whole-cell patch-clamp technique al- for intracellular recordings. Inspiratory pacemaker neu-
rons, as shown in Figures 6A and 6B, continue to burstways raises the concern that membrane properties are
altered and that bursting capabilities are introduced in the presence of the cocktail. This extracellularly re-
corded bursting activity could be abolished by eitherthrough dialysis of the intracellular milieu. This issue is
of particular concern when discussing a mechanism that riluzole (Figure 6A) or FFA (Figure 6B), suggesting that
the heterogeneity in bursting properties is unlikely to beinvolves intracellular calcium. Here, the intracellular so-
lution that was used to record from pacemaker neurons due to conditions potentially introduced in conjunction
with the whole-cell configuration. The boxplots shownunder whole-cell conditions contained 1 mM CaCl2 and
10 mM EGTA to mimic a natural intracellular calcium in Figures 6C–6E represent the burst duration, burst
frequency, and average action potential frequency for 41concentration of 1 mM and 100 nM free calcium (Johns-
ton and Wu, 1995). Our data suggest that under these intracellularly recorded and 15 extracellularly recorded
Cd-insensitive pacemaker neurons, as well as 18 intra-recording conditions the Cd-sensitive pacemaker neu-
rons had sufficient intracellular calcium to activate a cellularly recorded and 10 extracellularly recorded Cd-
sensitive pacemaker neurons. None of the characterizedbursting mechanism that was blocked by cadmium and
by the CAN current blocker FFA (Di Prisco et al., 2000; parameters showed statistically significant differences
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Figure 5. Heterogeneous Effect of Flufenamic Acid on Respiratory Pacemakers
(A) Pacemaker activity in most Cd-sensitive pacemaker neurons (82%; n  11) is blocked by 500 M flufenamic acid (FFA). (Top) Example
of a Cd-sensitive pacemaker in which pacemaker activity is blocked by FFA (taken from a P10). Note the loss of the large-amplitude pacemaker
potentials in the presence of FFA. After washout of FFA, large-amplitude pacemaker potentials return and are subsequently blocked by Cd2.
(Bottom) Another Cd-sensitive pacemaker neuron continues bursting in FFA (taken from a P8). Note that the bursting is disturbed. The
remaining pacemaker activity is blocked by Cd2. (B) Example of a Cd-insensitive pacemaker that continues bursting in FFA (taken from a
P9). All Cd-insensitive pacemakers were insensitive to FFA (500 M; 100%; n  13). (C–E) Plots of firing properties of all pacemakers, in
cocktail (CO) and FFA (including data from P1–P13 mice). FFA has no effect on burst frequency, burst duration, or mean AP frequency of Cd-
insensitive pacemakers but blocks bursting in Cd-sensitive pacemakers. The asterisk denotes a significant difference (p  0.05) compared
with cocktail. Voltage and time calibration bars apply to all recordings.
in comparison to the extracellular and intracellular re- Effects of Riluzole, FFA, and Lanthanum on the
Respiratory Network Activity in Normoxiacordings. Furthermore, the same variability that was pre-
sented in previous quantifications of bursting properties Under normoxic conditions, adding 10–20 M riluzole
to the perfusate for 20–30 min reduced the burst areaunder whole-cell conformation was observed in the ex-
tracellular recordings, suggesting that it was unlikely (72.2% of control; n  13; Figures 7A and 7C) of fictive
respiratory population activity but had no significantthat the variability was due to differences in the quality of
intracellular recordings. The evidence that the different effect on frequency and irregularity of rhythmic activity.
We did not observe any significant developmentalpacemaker properties are not introduced by whole-cell
recordings is further supported by the finding that intra- change on the effects of riluzole (P1–P5, n  4; P6–P10,
n  6; P11–P15, n  3) or on the effects of bath-appliedcellularly recorded membrane properties were not al-
tered at any time after obtaining the whole-cell configu- FFA or lanthanum. FFA (500 M) significantly reduced
the respiratory frequency and burst area to 81.2% andration (Figures 6F and 6G). As quantified for the initial
5 min of intracellularly recorded Cd-sensitive pacemaker 53.5% of control, respectively, but did not affect the
regularity of rhythmic activity (P1–P5, n  4; P6–P10,neurons (n 7; Figure 6G), neither membrane potential,
drive potential, nor action potential frequency changed. n  8; P11–P15, n  4; Figure 7B). This network effect
Pacemaker Neurons Involved in Respiratory Rhythms
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Figure 6. Internal Solution Used for Whole-Cell Recording Does Not Affect Pacemaker Properties
Extracellular recordings of two inspiratory pacemaker neurons that continue bursting in the presence of the cocktail. As similarly presented
in Figures 3 and 5, one pacemaker is sensitive to 20 M riluzole ([A]; taken from a P2), and the other is sensitive to 500 M FFA ([B]; taken
from a P8). (C–E) Plots of firing properties of pacemakers that were recorded extracellularly (EXTRA) or intracellularly in whole-cell configuration
(INTRA) (including data from P1–P15 mice). No significant difference was observed in either burst duration (C), burst frequency (D), or mean
action potential frequency (E) between pacemaker neurons that were recorded in both conformations. (F) Intracellularly recorded membrane
properties were not altered after establishing the whole-cell configuration. (Left panel) A Cd-sensitive pacemaker neuron less than 2 s after
obtaining the whole-cell configuration. (Right panel) The same neuron 5 min later. (G) Quantification of baseline resting membrane potential
(RMP), depolarization drive potential (from baseline RMP to peak of drive potential), and mean action potential frequency of seven Cd-sensitive
pacemakers that were recorded under the same conditions as those in panel B (including data from P7–P10 mice). Note that the whole-cell
configuration caused no significant change in membrane properties after 5 min of intracellular recording.
was mimicked by 100 M lanthanum, another blocker of respiratory bursting was unaffected (P1–P5, n  2;
P6–P10, n  2; P11–P15, n  3). Unperturbed controlof the CAN current. This agent has a different pharma-
cology than FFA and reduced the burst area and fre- preparations that were identically treated but not ex-
posed to riluzole, FFA, or lanthanum showed no signifi-quency of respiratory network population activity to
88.3% and 72.6%, respectively, while the irregularity cant changes in burst amplitude (104.5% of control),
Neuron
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Figure 7. Effects of Riluzole and FFA on Fic-
tive Eupnea
(A and B) Example of a sequential application
of riluzole (upper trace) plus FFA (bottom
trace) ([A]; taken from a P6) and sequential
application of FFA (upper trace) plus riluzole
(bottom trace) ([B]; taken from a P8) on the
integrated population activity recorded in the
VRG under normoxic conditions. Note that
either riluzole or FFA alone, which started at
time  0, affects rhythmic activity but does
not abolish it. Subsequent application of FFA
or riluzole, respectively, completely blocks
rhythmic population activity.
(C) Quantification of the effects of FFA and/
or riluzole on the characteristics of fictive
eupnea recorded in normoxia (including data
from P3–P12 mice). Note that both FFA and
riluzole in isolation reduce population burst
area without affecting the irregularity of the
rhythm; FFA alone affects burst frequency.
Upon application of both drugs, burst fre-
quency and area are dramatically reduced,
whereas irregularity is increased. The asterisk
denotes a significant difference (p  0.05)
compared with control (C).
(D) Simultaneous application of FFA plus rilu-
zole abolishes respiratory rhythm generation
in a matter of minutes (taken from a P5).
duration (99.5% of control), or frequency (102.3% of and persistence in hypoxia, p  0.001; cadmium sensi-
tivity and blockade in hypoxia, p 0.001; riluzole sensi-control) over the same time period (n  5).
Application of riluzole and FFA together abolished tivity and cadmium sensitivity, p 0.001). Where possi-
ble, similar analyses were performed that looked atrespiratory population bursting activity within 8.4  0.7
min in all examined slice preparations (n  18; Figures specific subsets of the full contingency table. Thus, the
interaction between riluzole sensitivity and persistence7A–7D). Similarly, respiratory activity was blocked by
riluzole and lanthanum within 12.4  1.8 min (n  7). of bursting in hypoxia remained highly significant (p 
0.001) when considering only Cd-insensitive neurons
but could not be assessed in Cd-sensitive neuronsPacemaker Neurons Have Different
Sensitivities to Hypoxia (since that group contained no riluzole-sensitive or hyp-
oxia-resistant cells). Although highly significant in theWe recorded from 45 pacemakers during hypoxia and
identified their sensitivities to Cd2 and riluzole. In the full table, the interaction between cadmium sensitivity
and persistence in hypoxia could not be assessed inpresence of the cocktail, all recorded Cd-sensitive pace-
maker neurons ceased to generate voltage-dependent the riluzole-sensitive subgroup, because this subgroup
contained only Cd-insensitive neurons. The cadmiumbursting activity during hypoxia (n 9; Figure 8A, upper
traces), while 69% of the Cd-insensitive pacemakers sensitivity and persistence in hypoxia was not significant
in the riluzole-insensitive subgroup (p  0.218). This ismaintained rhythmic activity in hypoxia (n  25 of 36;
Figure 8A, lower traces). Thus, in hypoxia only Cd-insen- consistent with the presence of redundancy between
riluzole sensitivity and persistence in hypoxia as classifi-sitive pacemakers remained rhythmically active. Of
these, 88% were riluzole sensitive (n  22 of 25; Figure ers for a specific pacemaker subpopulation, as sug-
gested by the strong interaction between the two. Simi-8A, lower traces), while only 27% of the Cd-insensitive
pacemakers that shut off in hypoxia were riluzole sensi- larly, the interaction between riluzole sensitivity and
cadmium sensitivity could not be assessed in the hyp-tive (n  3 of 11).
To statistically assess the association between the oxia-persisting group (which contained no Cd-sensitive
cells) and was not significant in the hypoxia-abolishedpersistence of rhythmic activity in hypoxia and the sensi-
tivity of pacemaker activity to cadmium or riluzole, we group (p 0.218). The contingency table and subgroup
analyses confirm that pacemakers that are sensitive toperformed a series of contingency table analyses using
Fisher’s exact test. Overall, there were significant inter- cadmium cease to produce rhythmic bursts in hypoxia,
while riluzole sensitivity is predictive of persistence inactions between all pairs of variables (riluzole sensitivity
Pacemaker Neurons Involved in Respiratory Rhythms
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Figure 8. Role of Pacemaker Neurons in Fictive Eupnea and Fictive Gasping
(A) Intracellular recordings from different types of pacemaker neurons showing different responses to hypoxia. The Cd-sensitive pacemaker
neuron (top trace; taken from a P6) ceases firing in hypoxia, whereas the Cd-insensitive pacemaker neuron (bottom trace; taken from a P6)
continues to generate bursts in hypoxia. Both pacemaker neurons resume bursting activity in normoxic conditions, confirming their sensitivity
to cadmium and riluzole. The pacemaker neuron that continues bursting in hypoxia is blocked by riluzole, whereas the one that stopped
bursting in hypoxia was blocked by cadmium.
(B) Quantification of burst frequency of seven Cd-insensitive pacemaker neurons (blue circles; including data from P3–P8 mice, all of which
were subsequently blocked by riluzole) and six Cd-sensitive pacemaker neurons (yellow circles; including data from P6–P8 mice that were
subsequently blocked by cadmium), showing that Cd-insensitive pacemakers continue bursting in hypoxia, whereas Cd-sensitive pacemaker
neurons stop bursting in this condition.
(C) Integrated recording of the extracellular activity in the VRG of a medullary slice in response to 10 min episodes of hypoxia, in standard
a-CSF (top trace) and in a-CSF  20 M riluzole. In a-CSF, hypoxia shifts the population activity to slower-frequency fictive gasps. Riluzole
does not block fictive eupnea in normoxia. Riluzole specifically blocks gasping generation in hypoxia.
(D) Same experiment as in (C), but instead of riluzole, FFA was applied. Similar to riluzole, FFA does not block fictive eupnea in normoxia.
But contrary to riluzole, FFA does not affect fictive gasping generation in hypoxia.
(E) Hypothetical representation of the effects of FFA, riluzole, and hypoxia on pacemaker populations. Based on our experimental data, the
size of each circle represents the percentage of rhythmically active neurons normalized to the control conditions (100%). Under control
conditions (middle), two pacemaker populations are rhythmically active during fictive eupnea. Riluzole (left) reduces pacemaker properties in
the population of Cd2-insensitive pacemaker neurons (blue circles) without affecting bursting in the Cd-sensitive pacemaker neurons (yellow
circles), while fictive eupnea persists; FFA (right) reduces pacemaker properties in the population of Cd2-sensitive pacemaker neurons (yellow
circles) without affecting bursting in the Cd-insensitive pacemaker neurons, while fictive eupnea persists. The reduction of pacemaker properties
in both populations of pacemaker neurons with riluzole plus FFA (bottom) abolishes fictive eupnea. Hypoxic conditions (top) eliminate Cd-
sensitive pacemaker activity, but a subpopulation of hypoxia-resistant Cd-insensitive pacemaker neurons continues bursting. The bursting
in this population of pacemaker neurons is affected by riluzole but not by FFA.
hypoxia, and vice versa (p 0.001). We further quantita- 15), rendering them silent until a return to normoxia
restored bursting activity. In contrast, neither FFA alonetively analyzed the burst frequency of Cd-sensitive
(n 6) and Cd-insensitive pacemakers (n 7) that were (n  4; Figure 8D) nor lanthanum alone (n  4) blocked
respiratory activity in hypoxia.exposed to the same duration of hypoxia. The quantifi-
cation of burst frequency over 10 min of hypoxic condi-
tions is plotted in Figure 8B. Discussion
Here, we demonstrate that the population of pacemakerEffects of Riluzole, FFA, and Lanthanum on the
Respiratory Network Activity in Hypoxia neurons in the respiratory network possesses heteroge-
neous pacemaker properties that can be differentiallyRiluzole alone (10–20 M) blocked respiratory rhythm
in hypoxia in all examined preparations (Figure 8C; n  blocked with cadmium, flufenamic acid, and riluzole.
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As previously discussed (Thoby-Brisson and Ramirez, only in hypoxia, when other network elements are
turned off.2001), inspiratory pacemaker neurons exhibit two signif-
Indeed, the composition of the respiratory networkicantly different bursting properties, but uncertainty re-
changes drastically during hypoxia (Figure 8E). As pre-mains as to whether these two bursting properties are
viously demonstrated, all nonpacemakers cease toexpressed in two distinct morphological types of inspira-
discharge, or they fire tonically during hypoxia (Thoby-tory neurons or whether the heterogeneity in the popula-
Brisson and Ramirez, 2000). Synaptic inhibition is sup-tion of pacemaker neurons arises from the same set of
pressed during hypoxia, as shown both in vitro (Lieskepacemaker neurons that exhibit two types of bursting
et al., 2000) and in vivo (Richter et al., 1991). As a conse-properties dependent on the modulatory milieu. The lat-
quence, expiratory neurons cease to discharge rhythmi-ter possibility has indeed been demonstrated in inverte-
cally (Thoby-Brisson and Ramirez, 2000). Here, we showbrate neuronal networks in which the same pacemaker
that all Cd-sensitive pacemaker neurons cease to gener-neuron can burst in a calcium- or sodium-dependent
ate burst activity during hypoxia. Therefore, during hyp-manner, depending on the modulatory context (Harris-
oxia only one subpopulation of pacemakers remainsWarrick and Flamm, 1987). Although the conclusions
rhythmically active (Figure 8E), thus supporting our con-made in the present study are not dependent on the
clusion that respiratory activity is driven only by thesediscrimination between the two possibilities, i.e., whether
Cd-insensitive pacemaker neurons during hypoxia.the two types of pacemaker neurons result from different
Consistent with this hypothesis, we demonstrate thatmodulatory actions or from two morphologically distinct
riluzole is sufficient to block the respiratory activity dur-types of pacemaker neurons, this is an intriguing possi-
ing hypoxia but not during normoxia. This is an intriguingbility that would be consistent with the idea that the
finding, because the respiratory activities generatedrespiratory network is highly modulatable. Our re-
during normoxia and hypoxia have fundamentally differ-cordings also revealed that Cd-insensitive pacemaker
ent properties. We have previously proposed that,neurons sometimes exhibited changes in their bursting
based on characteristics of burst shape, burst duration,activity upon blockade of calcium currents with Cd2,
and burst frequency, the activity during normoxia repre-indicating that several cationic conductance mecha-
sents eupneic activity, while the activity that is gener-nisms operate in a given cell and contribute to the rhyth-
ated during hypoxia represents gasping (Lieske et al.,mic bursting. The same may also be the case for Cd-
2000). Here, we propose that the transition from eupneasensitive pacemaker neurons. Here, we used differential
to gasping is accompanied by a reduction in pacemakerpharmacology to assess the potential roles of pace-
diversity, such that during anoxia gasping is driven onlymaker neurons in respiratory rhythm generation and pro-
by Cd-insensitive pacemaker neurons. The riluzole ex-pose that the respiratory network changes its configura-
periments further suggest that gasping depends ontion during the transition from normoxia to hypoxia.
pacemaker neurons that are resistant to hypoxia andDuring normoxia, respiratory rhythm generation persists
critically depend on the persistent sodium current. Thisin the presence of either FFA or riluzole alone. Each of
hypothesis has important clinical implications, as itthese substances blocks pacemaker properties in only
might help to better understand the cellular mechanismsone subpopulation of pacemaker neurons (Cd-sensitive
that underlie pathologies such as SIDS. SIDS has beenand -insensitive pacemakers, respectively). In contrast,
specifically associated with a reduction in serotonin re-respiratory activity ceases within a few minutes follow-
ceptor expression (Kinney et al., 2001), and we haveing the application of both substances, FFA and riluzole,
previously demonstrated that endogenous release ofwhich reduces the total population of neurons with
serotonin is required for burst generation in Cd-insensi-pacemaker properties to 17.5%. The schematic in Figure
tive pacemaker neurons (Pen˜a and Ramirez, 2002), the8E illustrates the experimentally determined changes
same neurons required for gasping as demonstratedin the percentage of intrinsically bursting pacemaker
here. Indeed, it is well established that SIDS children
neurons in the respiratory network under the different
fail to resuscitate due to a reduced number of gasps
pharmacological conditions during normoxia and hyp-
(Poets et al., 1999). Consequently, our study may pro-
oxia. Our result strongly suggests that pacemaker neu- vide an important missing link in our understanding of
rons do indeed play essential roles in respiratory rhythm how a disturbed serotonergic system may ultimately
generation. While our study thus supports the “pace- lead to the inability to autoresuscitate and thus sudden
maker hypothesis” of respiratory rhythm generation infant death.
(Rekling and Feldman, 1998; Smith et al., 2000), it does The situation seems to be more complex during nor-
significantly modify the heretofore prevailing concept moxia. Not only is the pacemaker population heteroge-
that it is a single ionic mechanism (i.e., the persistent neous, but both expiratory and inspiratory nonpace-
sodium current) that is primarily responsible for respira- maker neurons also likely contribute to respiratory rhythm
tory rhythm generation. This has the important conse- generation. It is therefore not surprising that in our ex-
quence that attempts to falsify the pacemaker neuron periments both riluzole and flufenamic acid were neces-
hypothesis by manipulating only the persistent sodium sary to block respiratory activity. While our finding
current (Del Negro et al., 2002b) are not sufficient. Our strongly suggests that eupneic rhythm generation de-
results also lead to a second major change in the existing pends on both populations of pacemaker neurons, this
concept of rhythm generation, suggesting that the de- conclusion is complicated by the fact that effects on
pendence on pacemaker neurons may not be fixed but nonpacemaker neurons (Del Negro et al., 2002b) could
altered during hypoxia. Our data indicate that Cd-insen- also potentially contribute to the cessation of respiratory
sitive pacemaker neurons are active in normoxia and rhythm generation. As demonstrated by Del Negro et
al. (2002a), nonpacemaker neurons also possess thehypoxia, but these neurons become the essential drivers
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persistent sodium current. Furthermore, after the phar- zumi and Smith (2002, Soc. Neurosci., abstract), or to
macological blockade of pacemaker properties, the the existence of still unidentified bursting properties.
pacemaker neurons will presumably continue to receive Studies in invertebrate and vertebrate motor systems
respiratory rhythmic synaptic inputs when operating in have led to the conclusion that rhythmic motor patterns
the intact network. Thus, these neurons may continue depend on a combination of synaptic and intrinsic mem-
to contribute to respiratory rhythm generation even after brane properties, such as reciprocal synaptic inhibition
the blockade of ionic mechanisms that are necessary between sets of neurons, excitatory synaptic feedback
for the generation of intrinsic pacemaker activity. The that facilitates burst discharge, and pacemaker activity
existing interactions between synaptic and intrinsic that can establish rhythmicity (Marder and Bucher,
pacemaker properties in the intact respiratory network 2001). Removal of a single rhythm-generating mecha-
make it difficult to predict how the removal of one prop- nism may thus change the configuration of a network
erty alters the network dynamics during normoxia. Rilu- but will not necessarily abolish rhythmic output. Having
zole has a variety of effects at higher concentrations heterogeneous rhythm-generating mechanisms could
(Huang et al., 1997; O’Neill et al., 1997; Pen˜a and Tapia, serve as a safety factor should one mechanism fail,
2000; Siniscalchi et al., 1997; Stefani et al., 1997; Zona but it will also imbue the respiratory network with the
et al., 1998) but selectively blocks the persistent sodium flexibility to adjust to changes in the behavioral, environ-
current (INap) at concentrations of 0.5–20 M (Del Negro mental, and metabolic states. The relative contribution
et al., 2002b; Spadoni et al., 2002; Urbani and Belluzzi, of different rhythm-generating mechanisms can be al-
2000). INap has long been hypothesized to be the channel tered in a state-dependent manner by neuromodulators,
that generates pacemaker activity in the respiratory net- which may allow neuronal networks to assume multiple
work (Butera et al., 1999; Del Negro et al., 2002a, 2002b; rhythm-generating states. The conclusion that neuronal
McCrimmon et al., 2000; Rekling and Feldman, 1998; networks are not hard wired is an important principle
Smith et al., 2000). Here, we propose a hypothesis, i.e., that has been well established in invertebrate motor
that respiratory rhythm generation may also depend on systems (Marder, 2002) but which is also applicable to
the CAN current. Although we have not directly demon- mammalian motor systems. The present study indicates
strated the presence of the CAN current in Cd-sensitive that under normoxic conditions the respiratory network
pacemakers or other respiratory neurons, our hypothe- continues to generate rhythmic activity when single ionic
sis is based on pharmacological data. As described in mechanisms are pharmacologically blocked in a signifi-
the Results section, the Cd2 and TTX sensitivity, as cant proportion of pacemaker neurons. However, under
well as the riluzole insensitivity of respiratory pacemaker extreme hypoxic conditions, the respiratory rhythm gen-
neurons, strongly suggested a calcium-dependent mech- erator is compromised in a way that makes it more
anism that is best explained by the presence of the susceptible to elimination of a single ionic mechanism.
CAN current. Furthermore, bursting in these neurons is
blocked by FFA, which is a known blocker of the ICAN Experimental Procedures
current (Di Prisco et al., 2000; Morisset and Nagy, 1999;
PreparationPartridge and Valenzuela, 2000; Ghamari-Langroudi and
Experiments were performed on brainstem transverse slices fromBourque, 2002). ICAN has been associated with a variety
male and female mice (CD1; P1–P15) using a preparation techniqueof neuronal processes, including slow afterdepolariza-
that has been described in detail previously (Ramirez et al., 1996).
tions (Hasuo et al., 1990; Partridge et al., 1994; Rekling The most important steps are summarized here. The animals were
and Feldman, 1997), plateau potentials (Di Prisco et al., decapitated under anesthesia, and the isolated brainstem was
2000; Morisset and Nagy, 1999; Partridge et al., 1994; placed in ice-cold artificial cerebrospinal fluid (a-CSF) bubbled with
Rekling and Feldman, 1997), and bursting pacemaker carbogen (95% O2 and 5% CO2). The a-CSF contained 118 mM NaCl,
3 mM KCl, 1.5 mM CaCl2, 1 mM MgCl2, 25 mM NaHCO3, 1 mMactivity (Kramer and Zucker, 1985; Swandulla and Lux,
NaH2PO4, and 30 mM D-glucose (pH 7.4). The brainstem, glued1985; Partridge et al., 1994; Ghamari-Langroudi and
rostral end up onto an agar block, was mounted into a vibratomeBourque, 2002). Here, we also demonstrated that the
(Leica Microsystems, Waukegon, IL) and serially sliced until the
network effects of FFA were mimicked by lanthanum, a rostral boundary of the PBC was identified by anatomical landmarks
drug that blocks the CAN current with pharmacology such as disappearance of the facial nucleus and appearance of the
very different from FFA (Clapham et al., 2001). inferior olive, the nucleus ambiguus, and the hypoglossal nucleus
(Figure 1A). A single 630–690m thick slice was then taken. BecauseAlthough it will be difficult to conclusively prove that
the slices also contained regions caudal to the PBC, we refer to theeupneic rhythm generation depends on pacemaker neu-
area encompassed in the slice as the ventral respiratory group.rons, our studies indicate that it is not necessary to
Slices were transferred into a recording chamber, continuously su-conclude that respiratory rhythm generation is an emer-
perfused with oxygenated a-CSF, and maintained at a temperature
gent network property, as suggested by Del Negro et of 29C 0.5C. To initiate and maintain fictive respiratory rhythmic
al. (2000b), following blockade of riluzole-sensitive pace- activity, the potassium concentration of the perfusate was raised
makers. Indeed, respiratory rhythm generation during from 3 to 8 mM over 30 min. To induce hypoxia, the gas bubbling
of the perfusate was switched to a mixture of 95% N2 and 5% CO2normoxia ceased in the presence of FFA and riluzole
for 5–10 min.but not in the presence of only one of these substances
(Figure 8E). While these experiments suggest that one
Drugs and Solutionstype of pacemaker neuron may be sufficient for respira-
To block fast synaptic transmission, a cocktail of antagonists fortory rhythm generation, it must be emphasized that nei-
NMDA receptors (10 M CPP; Tocris Cookson, Ellisville, MO), non-
ther drug alone, FFA or riluzole, blocked the pacemaker NMDA receptors (20 M CNQX; Tocris Cookson, Ellisville, MO),
properties of an entire subpopulation of pacemaker neu- glycine receptors (1 M strychnine; Sigma-RBI, St. Louis, MO), and
rons. This could be due either to the lack of sufficient GABAA receptors (20 M bicuculline-free base; Sigma-RBI, St.
Louis, MO) was added to the bath. All drugs were initially solubilizeddiffusion in the slice preparation, as suggested by Koi-
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in dimethylsulfoxide (DMSO; Sigma-RBI, St. Louis, MO). Riluzole as well as grants from the Rett Syndrome Research Foundation and
the National Institutes of Health (HL 60120, HL 68860) to J.M.R.hydrochloride (Tocris Cookson, Ballwin, MO and Sigma-RBI, St.
Louis, MO) was also initially dissolved in DMSO as well as flufenamic
acid (Sigma-RBI, St. Louis, MO). Lanthanum chloride and cadmium Received: January 23, 2004
chloride (Sigma-RBI, St. Louis, MO) were solubilized in distilled wa- Revised: April 15, 2004
ter. For low-Ca2 solution, CaCl2 was substituted for an equimolar Accepted: June 16, 2004
amount of MgCl2. Published: July 7, 2004
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